Summary. The motility of washed suspensions of human spermatozoa was completely inhibited by tetraphenylboron at concentrations that had little effect on sperm energy metabolism. The inhibition of motility was reversed by quaternary ammonium salts, albumin, caffeine, dibutyryl cyclic AMP and potassium ions. The addition of ouabain to cells rendered immotile by tetraphenylboron prevented reinitiation of motility by potassium but not by the other compounds. These observations, together with the effect of tetraphenylboron on the fluorescence of sperm suspensions treated with
Introduction
The motility of mammalian spermatozoa is inhibited by a number of membrane-active compounds (Hoskins & Stephens, 1971 ;  Azzi, 1974) , suggesting that the plasma membrane is involved in the regulation of cellular activities. Although the potency of some of the compounds can be reduced by antagonists, their effects on motility are essentially irreversible (Peterson & Freund, 1973) . We have observed, however, that the anion tetraphenylboron has unusual effects on human sperm motility in that, at low concentrations, motility can be reversibly arrested for significant periods of time without appreciable effects on metabolism. This report describes the effects of tetraphenylboron and its antagonists on washed suspensions of human spermatozoa and suggests possible mechanisms of action.
Materials and Methods
Semen specimens obtained from healthy students were pooled before use. The methods used for preparing plasma-free sperm suspensions have been described previously (Peterson & Freund, 1968) . Sperm concentration was determined by haemocytometer counts in some experiments and by measurement of the DNA content in sperm suspensions in other experiments (Peterson & Freund, 1974) . Washed spermatozoa were suspended in a salts solution containing the following constituents : 0-0058 M-NaH2P04; 0029 M-Na2HP04; 0118 M-NaCl; 0005 M-MgCl2; 00002 M-Na2EDTA; 0002 M-glucose; the pH was 7-4 at 37°C. The omission of potassium from the medium to prevent the precipitation of tetraphenylboron which chelates this ion (Wilteg & Raff, 1951) results in a small decline in sperm motility and a 10-15% reduction in glycolysis (Peterson & Freund, 1973) . Sperm suspensions (0-5-3-0 ml) were incubated in a Dubnoff shaker at 37°C. Samples (20 µ ) were removed at intervals and the percentage of motile cells estimated visually by light microscopy at room tem¬ perature. Lactic acid and ATP were estimated from neutralized perchloric acid extracts of sperma¬ tozoa by methods previously described (Peterson & Freund, 1971) . The fluorescence emission spectra of sperm suspensions containing 1-anilinonaphthalene sulphonic acid (ANSA: Eastman) were determined in an Aminco Bowman spectrofluorometer using mode 3 operation. The excitation wavelength was 290 nm (Mercado & Rosado, 1973 Table 2 . Sperm motility was completely arrested in the three experiments 10-15 min after addition of the drug, but lactic acid formation and ATP levels were not significantly changed, even after 30 min. Other experiments showed that cells could be rendered immotile for periods up to 1 hr before ATP levels and glycolysis irreversibly began to decline. The effects of tetraphenylboron on motility were antagonized by a variety of compounds, includ¬ ing quaternary ammonium salts and potassium, which form insoluble complexes with tetraphenyl¬ boron, bovine serum albumin (Sigma A-4378 and Sigma A-6003, fat-free, were equally effective), caffeine and N6,02'-dibutyryl cyclic-AMP. A washed sperm suspension was exposed to tetraphenyl¬ boron until motility was stopped. The cells were then washed twice and resuspended in fresh medium in the absence of tetraphenylboron. The spermatozoa remained immotile in the fresh medium, but motility was restored to about 30 % of cells by the addition of caffeine, albumin, hexamethonium or potassium ions. The reinitiation of motility was slow with potassium ions but was almost instan¬ taneous with the other antagonists. The dibutyryl analogue of cyclic-AMP also restored motility but at a slower rate than that observed with an equimolar concentration of caffeine. Since it is un¬ likely that the large albumin molecule and the bivalent quaternary hexamethonium pass through the cell membrane, it is probable that the restoration of motility by these compounds was due to the removal of tetraphenylboron from binding sites at or near the surface of the cell membrane.
When ouabain was added to cells previously treated with tetraphenylboron (Table 3) , the re¬ initiation of motility by potassium ions was prevented even when the concentration of potassium was as high as 10 mM. Ouabain had no effect, however, on the ability of the other compounds tested to reinitiate motility. In control experiments in which cells were not treated with tetraphenylboron but were washed in a similar manner and resuspended in potassium-free medium, ouabain only slightly reduced motility (about 10%) but had no effect when potassium ions were present at concentrations of 1 mM or greater. Although the potentiation of the effects of ouabain on sperm motility by tetra¬ phenylboron are striking, it is not immediately clear how this potentiation is overcome by albumin, caffeine and hexamethonium. Cells were treated with 60 µ tetraphenylboron until motility ceased. The cell suspen¬ sion was centrifuged, washed twice and resuspended in fresh medium. Final cell concen¬ tration was 0-4 108 spermatozoa/ml. Information on possible membrane sites of interaction with tetraphenylboron was obtained by studying the effects of the drug on the fluorescence of the membrane probe 1-anilinonaphthalene 8-sulphonic acid (ANSA). Mercado, Hicks, Drago & Rosado (1974) have shown that human spermatozoa display a fluorescent spectrum when excited at 288 nm that is characteristic of biolo¬ gical membranes and which shows a peak at 338 nm due to the fluorescence of tryptophan residues in the membrane. The addition of ANSA results in a decrease in fluorescence at 388 nm and the appear¬ ance of a new peak at 470 nm which is due to the binding of ANSA to the sperm membrane and an increase in the fluorescence quantum yield of the dye and a blue shift in its wavelength maximum. Since dye binding is dependent on membrane polarity or conformation, changes in ANSA fluoresc¬ ence in the presence of drugs can suggest the type of change induced by the drug-membrane inter¬ action. Text- figure 1 shows the effect of tetraphenylboron on the fluorescence of a suspension of human spermatozoa near saturation with ANSA. Low concentrations of tetraphenylboron decreased the fluorescence intensity at 470 nm, to about 20 % at a concentration of 60 µ . Further increases in concentration had little additional effect. Double reciprocal plots of the fluorescence of sperm suspensions treated with increasing amounts of ANSA in the presence of 50 µ -tetraphenylboron were consistent with a competitive interaction by ANSA for tetraphenylboron-binding sites on the sperm membrane (Text- fig. 2 ). (Stanbury & Wicker, 1968) at concentrations similar to those used in our experiments, but whether the Na+-K+-activated ATPase was involved was not established. However, valinomycin, a potent potassium ionophore, does not overcome the inhibition of motility by tetraphenylboron (Peterson & Freund, 1975) , suggesting that tetraphenyl¬ boron does not act by rendering cells impermeable to potassium.
It is not easy to explain the intriguing observation that caffeine and the dibutyryl analogue of cyclic AMP can reinitiate motility whether or not ouabain is present in the incubation medium. Neither of these compounds forms complexes with tetraphenylboron and it is improbable that they directly release tetraphenylboron from membrane binding sites. Mercado et al. (1974) have shown that cyclic nucleotides induce conformational changes in the plasma membrane of human sperma¬ tozoa, and tetraphenylboron binding may therefore interfere with ion transport linked to membrane adenylate cyclase or the action of cyclic AMP. Measurements of changes in ion transport and cyclic AMP levels as they are affected by tetraphenylboron and its antagonists are under study.
